Abstract The unified gas-kinetic scheme (UGKS) is presented and used in this letter to study the slider air bearing problem. The UGKS solutions are first validated by comparison with direct simulation Monte Carlo results. After validation, the UGKS is used to study the air-bearing problem under different nonequilibrium conditions. On the surface of the slider, the dependency of the gas pressure and normal force on the Mach and Knudsen numbers are fully evaluated. The non-equilibrium effect on the force loading in the whole transition regime up to the free molecular limit is also studied. Keywords unified gas-kinetic scheme, slider air-bearing, non-equilibrium
The slider air bearing problem arises from the hard disk industry. The demand of higher recording density requires the spacing between the read/write head and the disk to be on the nano scale, where the gas is rarefied and non-equilibrium phenomena may occur. New technologies have also been developed over the years to further increase the recording density, such as the heat-assisting magnetic recording (HAMR) that introduces a heat source into the slider system. Both the nano-scale flying height of the slider and the heat source could affect the bearing force on the slider, which is considered crucial in the slider design.
Due to the rarefaction of the gases in the slider air bearing problem, methods based on the kinetic theory should be employed instead of hydrodynamic equations. One successful method is the molecular gas-film lubrication (MGL) equation developed by Fukui and Kaneko, 1 which is basically the Reynolds equation corrected by the linearized Boltzmann equation. Efforts are also devoted to further extend the MGL equation to HAMR system by considering the thermal creep. 2 The direct simulation Monte Carlo (DSMC) method is well established and verified for the simulation of rarefied gases. The DSMC method was utilized by Alexander et al. 3 to study the slider air bearing problem in two-dimensions, and the non-equilibrium effect due to the increase of Mach number was discussed. Huang et al. 4 performed a three-dimensional simulation with DSMC and compared the bearing force with MGL. Myo et al. [5] [6] [7] studied the bearing characteristics on both patterned media and HAMR system by DSMC, discussed the influence of different geometric and physical parameters.
In this letter, the unified gas-kinetic scheme (UGKS) [8] [9] [10] is used to perform the numerical simulations. The method will be briefly described in the following part. The UGKS will be validated by comparing its results with the DSMC solutions of Alexander et al. 3 and Myo et al., 6 where in the latter case a heat spot is introduced on the disk. The normal force on the slider, calculated from the non-equilibrium momentum transport, deviates from the gas pressure at high Mach and Knudsen numbers. 3 The details of force versus gas pressure as functions of Mach and Knudsen numbers will be presented and analyzed.
The UGKS is a multi-scale method based on the kinetic equation for simulating flows of all Knudsen numbers. [8] [9] [10] This part is a brief description of the method.
The kinetic equation without external force is
where f = f (x i ,t, u i ) represents the particle velocity distribution function at location x i , time t, and particle velocity u i , and Q is the collision term. Based on Eq. (1), the evolution of the distribution function under the framework of finite volume method is
and the evolution of mass, momentum, and energy densities, i.e., W W W is
where Ω is the volume of the cell, m is the number of interfaces of the cell, F and F F F are the transports of f and W W W across the cell interface during a time step.
Construction of the interface flux is the core of UGKS. Suppose an interface is located at x x x = 0 0 0 with unit outward normal n n n and area S, the distribution function at the interface from t n = 0 to t n+1 = ∆t is modeled by the solution of the Bhatnagar-Gross-Krook type (BGK-type) equation along the characteristic line as
where x x x ′ = −u u u(t − t ′ ), τ denotes the collision time, g represents the equilibrium distribution, and f 0 is the distribution function at t n = 0. The initial distribution function f 0 (x x x, u u u) is assumed to be linearly distributed within each cell and be discontinuous at the interface
are the reconstructed distribution functions at the left side and right side of the cell interface, f L
are the corresponding partial derivatives, and H(x) is the Heaviside function
The equilibrium distribution function g(x x x,t, u u u) is approximated by the first-order Taylor expansion of g 0 = g(0 0 0, 0, u u u), but has different normal partial derivatives across the interface and keeps the same constant along the interface for the directional splitting scheme
Here g 0 is uniquely determined by
where W L,R is the conservative variables at the left/right cell and x
is the coordinate of the left/right cell center. The time derivative part A could be computed via, 11
The interface distribution function is completely determined by substituting Eqs. (5) and (7) into Eq. (4), and the interface flux transport of f and W W W during the whole time step are
The conservative variables could be updated via Eq. (3) once the interface flux is known. And if the BGK collision term is adopted and the trapezoidal rule is applied to the collision term, Eq. (2) becomes
where Q = (g − f )/τ. Equation (2) is semi-implicit, but can be explicitly solved since W W W n+1 is known, from which g n+1 and τ n+1 are fully determined.
The UGKS method is a partial differential equation-based (PDE-based) modeling method instead of pure discretization of PDE. The core of UGKS is the use of a time evolution solution of BGK-type equation as shown in Eq. (4), and this solution covers different flow regimes. The time evolution solution presents a process from the free molecular flow to the Navier-Stokes solutions, and the solution used for the numerical flow evolution is determined by the ratio of the computational time step to the local particle collision time. Thus, different flow physics can be recovered under different conditions. For example, if the particle mean free path is larger than the cell size, the free transport term in Eq. (4) will dominate and the kinetic scale flow physics is recovered. If the particle mean free path is much smaller than the cell size, the particle collision effect will dominate, and the Navier-Stokes distribution function can be obtained. Transition among different flow evolution mechanism can be achieved smoothly without using any switch function. The cell size and time step in UGKS are not limited to the particle mean free path and collision time, and the scheme can be used for all Knudsen numbers. In addition, the collision term used in the UGKS is not limited to BGK model, other relaxation model can be used as well.
In this paper, the BGK-Shakhov model is employed in the evaluation of both interface flux and collision term. The collision time is determined by the ratio of viscosity coefficient to pressure
The schematic of the two-dimensional slider air bearing problem without heat spot is shown in Fig. 1 . A stationary wall with length L 1 and temperature T 0 is inclined above a moving wall with velocity U, temperature T 0 , and length L. Inlet and outlet are connected to the environment, where the ambient pressure and temperature are fixed at p 0 = 1 atm (1 atm = 101 325 Pa) and T 0 = 273 K. If the heat spot is introduced on the disk, the temperature distribution on the disk is no longer constant. Following Myo et al., 6 ,7 the temperature distribution is assumed to be a sine wave with peak value 773 K, as shown in Fig. 2 . Fig. 1 . Schematic of the slider air bearing without heat spot. The pressure inlet/outlet boundary condition based on the characteristics of Euler equations is adopted to have a better comparison with the solution of MGL equation. And fully diffusive boundary conditions are used for both walls.
The system is characterised by the ratio of length to height L/h 0 , the inclination angle α, the Mach number Ma = U/ √ γRT 0 , and the Knudsen number Kn = λ /h 0 , where γ denotes the ratio of specific heat, R represents the gas constant, and λ is the mean free path.
The load w on the slider is defined as follows. 3 The pressure load is
where p is the pressure
and the force load is
where F(x) is the distribution of normal force exerted on the slider per unit area. At each position of the slider, F is calculated via
in which f denotes the distribution function on the slider surface, n n n is the unit outward normal of the slider. The difference between w p and w f is an indication of non-equilibrium property of the flow. In the equilibrium case, the values of w p and w f should be the same due to the isotropic equilibrium state. In order to validate UGKS, the simulation results are first compared with the DSMC solutions of Alexander et al. 3 in the following cases. The length/height ratio is L/h 0 = 100, and the inclination angle is α = 0.01 rad. The gas is hard-sphere argon. If a heat spot is present on the disk, there will be a pressure bump in the pressure distribution, which has influence on the bearing force. Figure 6 shows comparison of the present pressure distribution with that of Myo et al., 6 where the pressure bump is well captured by UGKS. The parameters are α = 0.01 rad, L = 5 µm, h 0 = 5 nm, and U = 30 m/s with a 0.05 µm sized heat spot located 0.5 µm away from the exit on the disk. The gas is argon with µ ∼ T 0.81 in this case.
In order to fully understand the forcing effect on the air-bearing problem under different flow conditions, many cases with different Mach and Knudsen numbers are performed. The divergence of w p and w f could become quite obvious under some situations, due to the non-equilibrium of the gases. Figure 7 shows the distribution of the pressure to force (per unit area) ratio p/F for a given system. Although there exist big differences close to inlet and outlet, p/F is almost a constant in the bulk region, indicating a uniform non-equilibrium property in this region. The influence of Mach and Knudsen number on p/F, w p , and w f will be presented. In the simulations, the geometry is L/h 0 = 100, α = 0.01 rad, the gas is hard-sphere argon and Kn = 1.0. Figure 8 shows the variation of p/F as a function of Mach number. And Fig. 9 shows the dependence of w p and w f on the Mach number individually. As Mach number increases, p/F increases at a higher rate, which indicates a stronger non-equilibrium effect. If w p and w f are examined individually, both w p and w f increase with Mach number when Ma < 0.5 and have almost the same values. At approximately Ma = 0.5, w f reaches a maximum and the difference between w f and w p becomes obvious. For Ma > 0.5, w f decreases with Mach number while w p increases slowly. Mach number which indicates the speed of the slider is a driving force for the non-equilibrium transport in gases, but with the increasing flow speed the particle collisions with the wall will take a more effective way to reduce the non-equilibrium property. The behavior of w f is a result of competition between these two effects.
The Knudsen number can be increased by keeping the ratio L/h 0 , but reducing the system's size. In the following, the Mach number is a constant Ma = 0.5, and α, L/h 0 and gas properties are the same as used in the previous case. Figure 10 shows the variation of p/F as a function of Knudsen number. And Fig. 11 shows the dependence of w p and w f on the Knudsen number. As Kn increases, p/F increases and approaches to its free molecular limit. The pressure load w p exhibits a maximum value near Kn = 2, and changes slightly as Kn increases. But w f decreases continuously with the increase of Kn. The Knudsen number can also be increased by keeping α and L, but reducing h 0 alone. In this calculation, the gas is hard-sphere argon at ambient condition, the length is L = 100λ and α = 0.01 rad. As expected, p/F increases with Kn, as shown in Fig. 12 . Different from previous one, the pressure load w p and force load w f have similar trend, but their difference gets smaller at high Knudsen number, as shown in Fig. 13 .
In this letter, the UGKS method is briefly described and used to study the two-dimensional slider air bearing problem. The UGKS solutions are validated by comparison with the DSMC data, and good agreement has been obtained for both cases with or without a heat spot on the disk. The effect of Mach number and Knudsen number on the gas pressure load and force load on the slider per unit area is studied as well. The pressure to force ratio p/F increases as Mach number or Knudsen number increase. With a fixed Knudsen number, the force load w f experiences a maximum value at a Mach number. And the force load w f decreases when shrinking the system size and increases when reducing the minimum height between the slider and the disk. 
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